Introduction {#Sec1}
============

Since the work of May^[@CR1]^, which triggered the *complexity-stability paradox*, ecosystems research has been continuously enriched by the introduction of new paradigms aiming at understanding which mechanisms allow large and complex ecosystems to be stable^[@CR2]^. While several works focus on the effect of only one type of interaction^[@CR3]--[@CR6]^, May's study, which describes the ecosystem by means of a linear random matrix interaction model in which positive and negative ties are allowed, clearly stated the interest for hybrid models. Thereafter, several works have explored the joint effect of competitive or antagonistic and mutualistic interactions^[@CR7]--[@CR9]^. On the other hand, observations of natural mutualistic ecosystems evidenced that interaction patterns were far from being random, displaying instead a widespread signature called *nestedness*^[@CR10]--[@CR13]^. This particular order arises when the focus is placed on interactions, leading to a new paradigm under the light of network theory. Most often these networks are bipartite, as in the frequently studied cases of plant-pollinator (or plant-seed dispersers) systems. The two disjoint sets of vertices of such network, correspond to plant species and pollinator (or seed-dispersers) species, and the links which stand for the mutualistic interactions, only connect vertices of different kind^[@CR14]--[@CR17]^.

Such network is said to be nested when the contacts of a species of a given degree are a subset of the contacts of all the species of higher degree. Thus a nested system is composed of specialist and generalist species of two guilds (having a small and a large number of inter-guild interactions, respectively, see Fig. [1a,b](#Fig1){ref-type="fig"}), with specialist-specialist interactions being rare. The ubiquitous character of nestedness in mutualistic ecosystems prompted a new debate about its origin and its role in the preservation of biodiversity, which is still open^[@CR18]--[@CR21]^. In particular, it led to a reconsideration of May's ideas towards structure-sensitive dynamics. As a result, it is now generally accepted that structure (nestedness) and dynamics (as given by the persistence or biodiversity of species) of mutualistic ecosystems are intimately connected^[@CR17]^.Figure 1Multilayer mutualistic network. Panel (a) illustrates a mutualistic system made up by plant and animal species. In this representation, mutualistic interactions are given by the inter-connections among the elements of a bipartite graph, as shown in panel (b) for a synthetic network. Generalists have a higher connectivity than specialists. This representation does not account for intra-guild interactions. Panel (c) illustrates the multilayer approach proposed here for the ecosystem of plants and animals of panel (b), which consists of 4 species of each guild. In this framework, each layer represents one guild and an intra-layer link exists whenever two species of the same guild share the same species of the other guild. These links represent the competition among species of the same guild that are mediated by the mutualistic connections. These two layers are coupled by the mutualistic interactions given by the bipartite graph. Finally, in panel (d) we depict the adjacency matrix of the whole system, including both plant-plant and animal-animal competitive interactions (elements of the diagonal blocks in red) in addition to the usual mutualistic links (elements of the off-diagonal blocks in blue).

While the bipartite network representation of the system is ahead of any random structure assumption, it still deals with only one type of interaction, mutualism, leaving aside intra-guild competitive links. To overcome this problem, intra-guild competition was introduced via a *mean field approximation*^[@CR17]^ (MF). In this framework, each species of a given guild is assumed to interact equally with all the others in the same guild. Thus, far from being a parsimonious hypothesis, the MF approach actually involves a very strong one: every species interacts with all the others, and with the same strength, thus ignoring competitive interactions that are mediated by species of the other guild (i.e., plant-plant interactions mediated by a shared pollinator and vice versa). It is well known in Physics that considering a fully connected network is equivalent to the statistical treatment of one single element under the effect of a field that accounts for the average interaction created by all the others, leading to a description that underestimates the entropy of the system^[@CR22]^.

In order to explore the relationship between structure and dynamics, it is then imperative to properly deal with both positive (mutualistic) and negative (competitive) interactions in a way that naturally allows to plug dynamical population models in. To this end, the recently developed framework of multilayer networks^[@CR23]^ provides a straightforward representation of the system, allowing to encode *both* kinds of interaction within a unique topological representation. In fact, this framework has been successfully applied in problems as diverse as percolation of interdependent systems^[@CR24]^, diffusion processes^[@CR25]^ and disease spreading^[@CR26],[@CR27]^ as well as to study transportation systems^[@CR28]^ and evolutionary game dynamics^[@CR29]^. In particular, mutualistic ecosystems fit naturally in a structure consisting of two layers, each one containing nodes of a different guild, with intra-layer links representing competitive interactions between species of the same guild, and the nodes of different layers being coupled by inter-guild mutualistic interactions --what technically corresponds to a *network of networks*^[@CR30]^--, see Fig. [1c](#Fig1){ref-type="fig"}. This allows us to study, analytically and numerically, how the biodiversity of the system varies as a function of the intensities of mutualism and competition in the system.

The model {#Sec2}
=========

In order to build model that treats the intra-guild competition beyond the mean field approximation, it is essential to focus on the possible sources of heterogeneity affecting such competition. Species of the same guild compete for abiotic resources, like water, soil nutrients, light, etc. This competition may well be approximated by a mean field term affecting all the species of a each guild, on average, in the same manner. However, when it comes to competition for the services furnished by counterparts (either pollination services or food), it is easy to understand that heterogeneities may become important. For example it is clear that two plant species pollinated by two disjoint sets of pollinators do not compete for pollination services at all. Moreover, it is important to notice that the competition between two given species is not symmetric. Let us consider two plant species that share the same pollinator, one being a generalist and the other a specialist. It is clear that the latter will be more affected than the former, because it needs to share its only resource while the generalist may compensate by the services furnished by its other counterparts.

Interestingly, the necessary information is partially encoded in the bipartite matrix: the projections onto the animals and plant subspaces yield two hidden weighted networks that reveal the existent intra-guild interactions, see Fig. [1c](#Fig1){ref-type="fig"}. In other words, two plant (animal) species will be connected (competing) in the corresponding plant (animal) layer if they share at least one pollinator (plant). In this way we are able to model inter-species competition beyond the mean-field approach, i.e., considering the actual architecture of intra-layer interactions, and thus integrating the necessary (though not sufficient) condition of niche overlap. This is a more realistic scenario for competition (with respect to mean field), i.e., it restricts the competitive term to those species with non-zero niche overlap. As such, it mitigates competition overestimation; but it does not eliminate it completely, e.g. species of the same guild, with niche overlap which do not overlap in time would actually have an even lower competition. Finally, the two layers are coupled by the mutualistic interactions, see Fig. [1c,d](#Fig1){ref-type="fig"}. All this information is coded in the multilayer adjacency matrix (Fig. [1d](#Fig1){ref-type="fig"}). In this way, the multilayer representation takes into account the two aspects of the interaction in mutualistic ecosystems, the benefit obtained by species of different guilds, along with the intra-guild competition that arises when two species share the same counterparts.

We next investigate the influence of the network structure on the persistence of species of the mutualistic ecosystem. The main point of interest is whether the competitive interactions, as given by the multilayer topology, actually convey substantive dynamical changes. To this end, and in order to compare with previous results, we implement a population dynamical model that builds on the one introduced by Bastolla *et al*.^[@CR17]^, where we explicitly introduce the multilayer architecture. We study the variation of biodiversity (e.g., the number of species at the steady state of the population dynamics) on a set of large real mutualistic communities^[@CR31]--[@CR43]^ (see Tables [S1](#MOESM1){ref-type="media"}--[S2](#MOESM1){ref-type="media"} and Fig. S4 in the Supplementary Information).
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The first term of this equation represents the intrinsic growth of the abundance of species $\documentclass[12pt]{minimal}
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Results {#Sec3}
=======

We numerically solve the system of equations describing the abundances of plants and animals (see Methods). Figure [2](#Fig2){ref-type="fig"} compares results obtained for the system's biodiversity as a function of the intensities of mutualism and competition. Left panels (a,c) correspond to the homogeneous case where the existing competition terms have the same weight, regardless of the abundances of the shared counterparts. In other words, we have considered *binary* projected matrices, which correspond to the situation where two species of the same guild compete with the same intensity whenever they share *at least* one counterpart. This simplifies the second term of eq. [1](#Equ1){ref-type=""}, which becomes:$$\documentclass[12pt]{minimal}
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                \begin{document}$$j$$\end{document}$ share at least one pollinator (plant) and zero otherwise. On the right panels the results shown correspond to the model given by eq. [1](#Equ1){ref-type=""}, where the topological structured competition is weighted by the abundances of the shared counterparts. These models are implemented on two real networks: M-PL-044^[@CR37]^, with $\documentclass[12pt]{minimal}
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                \begin{document}$${\beta }_{0}$$\end{document}$, (see also Figs [S1--S3](#MOESM1){ref-type="media"} in the Supplementary Information for results corresponding to other real networks).Figure 2Biodiversity as a function of the mutualism and intra-guild competition parameters. We show the results obtained by numerically simulating the dynamical population model where the network's structure corresponds to two real mutualistic systems. The levels of biodiversity are shown as a function of the intensities of mutualism and competition (the maxima being $\documentclass[12pt]{minimal}
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                \begin{document}$$N$$\end{document}$, of species present in the steady state. Left panels a and c show the results obtained when the system evolves according to a dynamics that corresponds to the simplified model given by eq. [2](#Equ2){ref-type=""}. Right panels b and d show the results obtained for the model corresponding to eq. [1](#Equ1){ref-type=""}. We show results for two different real networks: M-PL-044^[@CR37]^ in top panels a and b; and M-PL-048^[@CR39]^ in bottom panels c and d. The characteristics of these networks as well as more results for other networks are presented in the Supplementary Information (Tables [S1](#MOESM1){ref-type="media"}, [S2](#MOESM1){ref-type="media"} and Figs S1 to S3). These results correspond to the following parameter values: intra-specific competition terms $\documentclass[12pt]{minimal}
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The results shown in Fig. [2](#Fig2){ref-type="fig"} may appear counterintuitive. Indeed, if mutualistic interactions were to reduce effective competition and increase biodiversity^[@CR17]^, one should expect that the boundary separating the region where all species survive (coded in red in Fig. [2](#Fig2){ref-type="fig"}) from the one where biodiversity diminishes (coded in blue in Fig. [2](#Fig2){ref-type="fig"}) would behave as a monotonous growing curve, which is clearly not the case.

Figure [3](#Fig3){ref-type="fig"} further illustrates this point. As expected, the biodiversity is a decreasing function of the competition parameter ($\documentclass[12pt]{minimal}
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                \begin{document}$${\gamma }_{0}$$\end{document}$, as also shown in Fig. [2](#Fig2){ref-type="fig"}. Remarkably enough, when the relative weights are accounted for in the competition term, the same decreasing behavior for the persistence of species is observed when the intensity of competition is kept constant and the mutualistic parameter is increased, see panel b in Fig. [3](#Fig3){ref-type="fig"}, except for very low $\documentclass[12pt]{minimal}
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                \begin{document}$${\beta }_{0}$$\end{document}$ values, where competition may be neglected and biodiversity hardly varies with mutualism.Figure 3Persistence of biodiversity. Top panels a and b show the fraction of species in the steady state as a function of the intensity of mutualism for different constant values of the competition intensity $\documentclass[12pt]{minimal}
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                \begin{document}$${\beta }_{0}$$\end{document}$. Complementary, bottom panels (c and d), show the persistence of biodiversity as a function of the competition intensity, for different values of fixed mutualism, $\documentclass[12pt]{minimal}
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                \begin{document}$${\gamma }_{0}$$\end{document}$. Left panels a and c correspond to the bipartite representation of the mutualistic systems, in which the competitive interactions are given by the simplified model with homogeneous competition intensity; whereas right panels b and d show results obtained when the dynamical population model is constrained by a multilayer network, thus properly accounting for the competitive interactions weights. These results correspond to the network M-PL-044.

This paradoxical result is due to the joint action of the mutualistic and the inter-species competition terms, which lead to differences in the way the abundance of generalist and specialist species evolve (see Methods for an heuristic argument and section 5 of Supplementary Information). The selective influence of both mutualism and competition on specialist and generalist species is illustrated in Fig. [4](#Fig4){ref-type="fig"}, where we represent the relative abundance of the species as a function of the species' connectivity and the intensities of mutualism (top panels, in which competition is fixed) and competition (bottom panels, in which mutualism is fixed). The results are clear-cut: it turns out that species with higher degrees remain relatively more abundant than those with lower degrees when there is an increase of the strength of either mutualistic or competitive interactions. A similar paradoxical result, where an increase of mutualism leads to a decrease of biodiversity has been observed in the system composed by plants and mycorrhizal fungi^[@CR44],[@CR45]^.Figure 4Relative abundance of the species according to their connectivity, in the multilayer model. The results shown here correspond to the evolution of the system according to equations [1](#Equ1){ref-type=""} and [3](#Equ3){ref-type=""}, with the interaction terms constrained by the real network M-PL-016 (left panels: pollinator species; right panels: plant species). Top panels: The competition intensity parameter is fixed to $\documentclass[12pt]{minimal}
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                \begin{document}$${\gamma }_{0}=0.25$$\end{document}$, the color scale represents the relative abundance of the different species, as a function of the competition parameter $\documentclass[12pt]{minimal}
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                \begin{document}$${\beta }_{0}$$\end{document}$ and interlayer connectivity. The gaps on right panels correspond to non existing values of the plant's degree. Animals (left panels) and plants (right panels) have been ranked in ascending order of interlayer degree. The rest of parameters are the same as in Fig. [1](#Fig1){ref-type="fig"}.

The results that come out from the approach adopted here unveil the important role played by the network structure of the inter-species competition term on the biodiversity of the system. When this interaction is treated homogeneously, biodiversity persists for any intensity of mutualism, as long as the inter-specific competition remains under a certain value --the frontiers indicating the loss of biodiversity are vertical in panels a and c of Fig. [2](#Fig2){ref-type="fig"}. On the contrary, when considering the network structure in the mutualistic *and* in the intra-guild competition term properly weighted by the shared resources of the competitors, the region of the parameters space where the biodiversity persists depends non-trivially on the intensity of both. In other words, increasing the intensity of mutualism (for a given network) does not necessarily increase biodiversity. Indeed, depending on the intensity of competitive interactions, higher levels of mutualism are detrimental for the survival of the (specialist) species.

The results displayed in Figs [2](#Fig2){ref-type="fig"}--[4](#Fig4){ref-type="fig"} hold in different scenarios, which are developed in the Supplementary Information. It is proved there (section 2) that results do not stem as a mere consequence of the heterogeneity in the distribution of inter-species competition constant; they are a consequence of weighting the interaction by the abundance of the shared resources, which reinforces the coupling of the equations. The SI (section 3) also shows that results are robust against the size and the density of contacts of the mutualistic networks, and against a wide range of values of the Holling constant, that controls the saturation of the mutualistic term (see Fig. S5 in SI). Moreover, we have verified (section 4 of the SI and Fig. S6) that the inclusion of an extra inter-species competition term, representing abiotic competition sources (e.g. water or light), does not alter the observed behavior. Hence, we conclude that this behavior is a consequence of the structure of the interactions. Noteworthy, our findings challenge the idea that in mutualistic ecosystems, which present nested architectures, the mutualistic interactions help to screen competition, thus enhancing biodiversity^[@CR12],[@CR14],[@CR17],[@CR46],[@CR47]^. Within our model, this statement is only roughly valid for weak competition levels, when increasing mutualism is not detrimental to biodiversity (see Fig. [3](#Fig3){ref-type="fig"}).

However, our results do not imply that mutualism is not relevant in order to explain the existence of large complex ecosystems. Instead, the careful treatment of the structure of the interactions provides a better understanding of the subtle trade-off between competition and mutualism. In ref.^[@CR47]^ an indirect mechanism for cooperation via the interaction with a common counterpart was discussed. Here we show, in addition, that the asymmetry of the competition term between a generalist and a specialist, induced by mutualism, favors the generalist species. This explains why when the intensity of the mutualistic interactions increases, biodiversity may diminish through an important loss of specialists species in favor of the increase of the population of the generalist ones. Moreover, we have checked that our conclusions are indeed due to the structure of the inter-species competition term and not to the fact that the intensity of this competition is just inhomogeneous. That is, one might think that similar results could be obtained using heterogeneous intensities in a competition term of the form given by eq. [2](#Equ2){ref-type=""}. The results (details can be found in section 2 of Supplementary Information) indicate that this heterogeneity is not enough to reproduce the same patterns of biodiversity obtained when the model given by eq. [1](#Equ1){ref-type=""} is considered. Similar independent findings have been reported --though limited to the particular case of weak competition^[@CR48]^. In that work, as in the previously described test, the structure of the competition term is not taken into account; instead each species compete with all the others within the same guild but with a random intensity of the interactions. Finally, we point out that the next interesting step would be to filter out competitive interactions that we might still be overestimating. To this end, it is key to obtain and include more data regarding actual niche overlap in space and time in real ecological networks. Ours is a first step towards this goal, and lay the groundwork for more refinements.

Conclusions {#Sec4}
===========

In summary, we have introduced a network representation for mutualistic systems that further exploits the information encoded in the bipartite mutualistic graph. We have shown that this multilayer network better displays the structure of both mutualistic and competitive interactions among species within a unique representation. Numerical simulations of a dynamical population model that is coupled to the data-driven multilayer architecture revealed that biodiversity persistance is not just a consequence of the screening of competition by mutualism, as previously reported^[@CR17],[@CR46]^. Instead, our results show that the network topology induces a complex trade-off between mutualism and competition, which differently affect species according to their degree. Strikingly, we have shown that, contrary to what one would have expected, when the level of competition is high, the biodiversity of the system is higher for lower mutualistic intensities and indeed, increasing mutualism maybe detrimental for the species persistence. In light of the present results, there are a number of further questions that remain to be explored, including whether there is an optimal value of mutualism (and competition) at which the system maximizes biodiversity and its dependency with the nestedness of the system. Considering the approach introduced here would helpfully provide more realistic grounds to tackle these and related challenges.

Methods {#Sec5}
=======

Equation for species A {#Sec6}
----------------------

The dynamical equation that describes the evolution of the abundance of animal species $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$i$$\end{document}$ is equivalent to equation [1](#Equ1){ref-type=""} in the main text, i.e.,$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\frac{1}{{s}_{k}^{A}}\frac{d{s}_{k}^{A}}{dt}={\alpha }_{k}^{A}-{\beta }_{k}^{A}{s}_{k}^{A}-{\beta }_{0}^{A}\frac{\sum _{l\in A,k\ne l}{s}_{l}^{A}{W}_{kl}^{A}}{{M}_{k}^{A}}+{\gamma }_{0}^{A}\frac{{M}_{k}^{A}}{1+{h}^{A}{\gamma }_{0}^{A}{M}_{k}^{A}}$$\end{document}$$

Numerical simulations of the model {#Sec7}
----------------------------------

We numerically solve the system of equations [1](#Equ1){ref-type=""} and [3](#Equ3){ref-type=""}, using the matrices $\documentclass[12pt]{minimal}
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                \begin{document}$${K}_{ik}$$\end{document}$ that correspond to 14 different real systems^[@CR31]--[@CR43]^ (see Tables [S1](#MOESM1){ref-type="media"} and [S2](#MOESM1){ref-type="media"} in the Supplementary Information). Each simulation starts from random initial conditions of the relative abundances that are taken at random from a uniform distribution between 0.05 and 0.95. Following refs^[@CR17],[@CR46]^ we take the values of $\documentclass[12pt]{minimal}
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                \begin{document}$${\gamma }_{0}^{(P)A}$$\end{document}$, respectively. For simplicity, we assumed that all the intervening parameters take the same values for plants and animals. Finally, the system is considered to have achieved equilibrium when all the species' frequencies remain constant. A species is considered to have gone extinct when its relative abundance is lower than $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${10}^{-9}$$\end{document}$. Each point of Figs [2](#Fig2){ref-type="fig"}--[4](#Fig4){ref-type="fig"} correspond to 100 simulations with different initial conditions in the abundances and $\documentclass[12pt]{minimal}
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Evolution of the abundance of generalist and specialist species {#Sec8}
---------------------------------------------------------------

In order to understand how the population dynamics of generalists and specialists is affected by mutualistic and competitive terms, let us first consider the effect of the mutualist term (the fourth term in equations [1](#Equ1){ref-type=""} and [3](#Equ3){ref-type=""}). This term reads: $\documentclass[12pt]{minimal}
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                \begin{document}$${M}_{i}^{P}$$\end{document}$ is larger for generalists than for specialists, the increasing rate of the former is stronger than that of the latter. In other words, this term favours the increase of generalists species with respect to specialists ones. The analysis of the inter-species competition term (the third term of equations [1](#Equ1){ref-type=""} and [3](#Equ3){ref-type=""}) is less straightforward. Let us compare the behavior of this term for a generalist and a specialist plant species, of relative abundances $\documentclass[12pt]{minimal}
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The second term of equation [6](#Equ6){ref-type=""}, which may include other generalist plants (those that grow faster with $\documentclass[12pt]{minimal}
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                \begin{document}$${C}_{2} > {C}_{1}$$\end{document}$. Therefore, we can then expect that this unbalance in the corresponding competition terms becomes a supplementary advantage for the generalists, thus reinforcing their growth rate. A similar analysis to estimate the relative importance of the competition term can be done using the properties of projected matrices (see section 5 of Supplementary Information)^[@CR49]^.
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